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SURFACE PRESSURE AND TURBULENT ATRFLOW IN
TRANSVERSE RECTANGULAR NOTCHES
by Jay Fox

Lewis Research Center

SUMMARY

Surface-pressure coefficients CP and airflow measurements in transverse

rectangular notches of length-to-height ratio % from % to l% are presented.

Free-stream speeds range from 160 to 600 feet per second. Agreement with pre-
vious low-speed measurements of C exists in many instances, but some unique

results are also obtained. Ranges of L/H are postulated wherein similar
values of Cp may be found for similar L/H. First effects of compressibility

are discernible in the results. Notch flow dynamics are studied in selected
notches in different L/H ranges by means of turbulence intensity measure-
ments, mean-speed surveys, and dust patterns.

INTRODUCTION

Separated flow that is induced by a transverse rectangular cutout in the
side of a body that is in a free stream can be divided roughly into three re-
gions 1f the length of the cutout in the direction parallel to the stream is
not too great compared with its height. The free stream, the first region, is
distinguished by a low level of viscous activity (laminar or turbulent shear,
or turbulent velocity fluctuations) and a high velocity. In the cutout, the
second region, the velocities are less than those in the free stream, but the
viscous activity can be substantial. Between these two regions there is a
third region, a free-shear layer of large velocity gradients and viscous ef-
fects.

Flow dynamics in rectangular cutouts have been studied to some extent by
means of wind tunnel experiments. Roshko {(ref. 1) measured surface pressure in
rectangular notches (0.40 = L/H = 1.33) in a wind-tunnel wall at low free-
stream speeds (75 to 210 ft/sec). Several velocity profiles near the surfaces
of the square notch seemed to indicate that a large eddy was rotating in the
notch. Small corner vortices were also postulated by Roshko to complement the
main vortex. Turbulent flow was present in the boundary layer ahead of the
notch and in the notch.



g 6. 15" ! Ur Charvat (I‘ef. 2) Studied
—> the flow in long rectangular

f | notches (L/H > 4) in a wind-
2.05" Y H tunnel wall. In subsonic tur-
4 1 i bulent flow, the pressure on

i e L —= %> the back end of the notch bot-

tom increased with increasing
notch length; whereas, the

(a) Present model. pressures on the front end were
always near the free-stream
value ahead of the notch.

Some surface pressure mea-

‘ b surements in two notches,
> L/H = 1.84 and 3.47, were pre-
:::: ‘ P sented by Seban and Fox
{b) Seban-Fox model. . (ref. 5) . The back sides of
the notches were formed by thin
fences on the wind-tunnel model

shown in figure 1. Turbulent
flow existed in the notch adjacent to the subsonic free stream.

Figure 1. - Profiles of wind tunnel models.

The present detailed measurements of surface pressure in notches cover a
greater range of geometries <% = % = l%) and free-stream speeds (160 to
600 ft/sec) than those considered by Roshko. In addition, turbulence intensity
measurements, mean-speed surveys, and dust patterns at U, equal to 160 feet

per second are reported.

SYMBOLS
Cp surface-pressure coefficient, (p - pr)/(prU§/2>
Cp,t total-pressure coefficient, approximately Cp + (Um/Ue)2
H notch height, in.

L notch length, in.
P static pressure

U velocity, ft/sec

Uy largest velocity located near surface of notch

u* U/(Tw/p)l/2

u' turbulence intensity, root-mean-square average of velocity fluctuations
X distance from front side of notch, in.



X reference length for boundary layer ahead of notch

Y distance from bottom of notch, in.

Yl suggested datum of Y in the free-shear layer
* 1/2

™ ¥(c /o) /B[y

v distance normal to surface, ahead of notch, in.

o boundary-layer thickness, in.
0
2] momentum thickness, f (U/Uoo)(l - U/Uw)dy, in.
0

v kinematic viscosity

o) density

Ty surface shear stress

Subscripts:

e edge of free stream

i incompressible flow

r measured quantity at reference location 0.25 in. ahead of notch or theo-

retical quantity at downstream infinity (fig. 2)

PROCEDURE

The model shown in figure 1 spanned the 6-inch width of a 6- by 9-inch
wind tunnel. The model centerline coincided with the midheight of the tunnel
so that the tunnel flow was divided into two streams of equal height by the
elliptical nose. A 1l.12-inch straight section preceded the rectangular
notches, which were 2.05 inches in height H and multiples of 0.505 inch in
length L. Small-diameter tubes (0.02-in. I.D.) were installed in the
laminated-plastic shell of the model on the centerline between the tunnel side
walls to form the pressure taps.

The stagnation chamber pressure was near atmospheric pressure, while the
stagnation temperature was near 85° F. A hot-wire anemometer was used to mea-
sure mean speeds and turbulence intensities. The probe of the anemometer was
calibrated in a free stream that was directed normal to the hot wire and its
supporting stem (0.13-in. diam), the wire and supporting stem being perpendicu-
lar to each other. Some additional measurements of mean speeds were made with
impact- and static-pressure tubes, which were always parallel to the bottom of
the notch.
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Theoretical model
/’i,u Surface-pressure coefficients
Y r Cp = (0 -p;)/ (prUE [2) are defined in
—U; relation to the free-stream condi-
tlions at the reference location,
1/4 inch ahead of the notch. A re-
versible, adiabatlic expansion of the
i ront edae free stream from stagnatlion condi-
=4 Nl hoteh tions was assumed in the calculation
?r 0 U, of p, and U.. For the experi-
- fiisec ments at U, approximately equal to
— s 162 160 feet per second, incompressible-
" 1 Theory a4 f}ow relations were used to conve-
y Curvete_—=Straignt ° ;g niently provide accurate values
L'JD' of Ur.
= -2 I [ |
-6 -4 -2 0 2 Pressure measurements on the

Distance along surface, in. nose surface are shown in figure 2

Figure 2. - Surface pressure on model nose, Curve labeled Theory — in the unusual form, (1 - Cp)l 2 _ 1,
is result from incompressible irrotational flow analysis applied to which is equal in incompressible
theoretical model shown at top, Position r is location of mea- A

flow to the free-stream velocity ra-

sured U,

tio (U~ U,)/U.. Low-speed measure-
ments agree with the theoretical prediction that was calculated by the tech-
nique outlined in reference 4. The theory, which treats incompressible irrota-
tional flow, was applied to the channel in figure 2. The two sets of measure-
ments located on the boundary between the curved and straight sections were ob-
tained from pressure taps on the upper and lower surface of the model; the dif-
ference between sets indicates the slight asymmetry of flow.

The abscissa extends in the negative direction along the curved nose of
the model toward the leading edge and the stagnation point. Near the leading
edge, CP is relatively large, and it approaches the theoretical maximum value
of unity for incompressible flow at the stagnation point. This corresponds to
an approach of (1 - Cp)l/2 - 1 to ~1. The region around the leading edge con-
tains streamlines in the free stream that are substantially curved. The fluid
particles that flow along these curved streamlines experience rapid pressure
changes that become compression-expansion processes in high-speed flow. As a
result, Cp departs from its low-speed value. This departure i1s shown in fig-

ure 2 at -4.7 and -2.6 inches as a decrease in a relatively low value of

(L -2¢C )l/2 - 1, which corresponds to an increase in a high value of CP. It
is noteworthy that this high Cp is associated with a large curvature relative
to the surface in a specific manner, that is, convex as viewed from the surface,
and that this high Cp increases in high-speed flow. In the section Free-
Stream Effects, a similar behavior of Cp in one notch is related to compres-
sibility in the curved free stream by referring to this example on the nose.

Further remarks concerning the possibility of compressibility in a stream
with a Mach number near 1/2 (Uf =~ 558 ft/sec) seem to be appropriate. In the
present context, the term compressibility implies that the pressure variation
in some local region is large enough to cause a density variation that alters

4



the flow field from its incompressible-flow configuration and thus alters C
This seems feasible when U, 1s equal to 558 feet per second, since p, 1is

then 12 percent below the free-stream density at the stagnation point.

D

The close agreement in figure 2 between the theoretical prediction of

(1 - Cp)l/2 - 1 and the low-speed measurements can be used in a deduction of
the character of the free stream ahead of the notch. The theoretical flow is
uniform at downstream infinity, where the velocity is U,. The theoretical ve-
locity along the model surface Us approaches U, quite rapidly after the be-
ginning of the straight section. At reference position r, where the velocity
ahead of the notch is measured, the theoretical U varies only 1 percent from
the terminal theoretical value U,., which corresponds to uniform flow. This
implies, in view of the close agreement between the theoretical and measured
values, that the actual free stream is nearly uniform across its section ahead
of the notch.

The experimental velocity at the edge of the free stream U, adjacent to
the notch was measured during velocity surveys in three notches and found to be
within 4 percent of U,, as discussed in the section MEAN SPEED TRAVERSES.

UPSTREAM BOUNDARY LAYER

Ahead of the notch, the laminar nature of the boundary layer at U, equal
to 160 feet per second was ascertained by turbulence intensity measurements.
The deviation between the experimen-
tal velocity profile in figure 3 and

Measured Calculated . .
U e in. 6 in Upx the Blasius profile for a constant
- value of Ue is undoubtedly a re-
O  Roshko 75 0.085 0.871 1.48Xigt sult of the wide variation of Ue
& Present 161 005  .039 .36x10° on the nose, which is shown in fig-

ure 2.

Roshko did not specifically
identify the flow as being turbu-
lent. That turbulent flow did exist
in the boundary layer ahead of the
4-inch-long notch and, hence, also
in the notch itself, however, is
evident from the comparison between
Roshko's experimental velocity pro-
file and the 1/7-power law profile
(fig. 3).

Momentum thicknesses © for
the two profiles in figure 3 are in-
tegrals of the experimental values.
0 1 s ; i s Formulas (ref. 5) based on the 1/7-

yle power law profile or the Blasius
profile were used to calculate
boundary-layer thicknesses and

ol

Figure 3. - Boundary-layer velocity ratio ahead of notch.



Reynolds numbers (Uix/v) from the respective momentum thicknesses.

TRANSITION

Reference 6 showed that the transition Reynolds number in notch flow at
supersonic U, is somewhat below that for the separated flow induced by a
backward facing step. Only small effects were found to result from variations
in unit Reynolds number on a given model, which implies that the boundary layer
ahead of the notch can be ignored in a rough approximation. In view of this,
the earlier results of Chapman (ref. 7) on step models can be used to deduce an
estimated transition Reynolds number of 50,000 in notches at low Ug, where the
length of the notch L is taken as the characteristic length. For the lowest
speed used herein (Ug = 160 ft/sec), this estimated transition Reynolds number
implies a minimum notch length of 2/5 inch for transition to turbulence. All
notches in this experiment exceed that length and thus should engender turbu-
lent flow.

TURBULENCE INTENSITY

The measurements of turbulence intensity taken at U, approximately equal
to 160 feet per second are shown in table I as u'/U.. The value of u'/U. in

TABLE I. - TURBULENCE INTENSITY

L/H ]
1/2 1/2 7 1/2 3/a 1
L,bj:n. A
1.01 1.01 1.01 1.51 2.02
X/L 7 '
0.08 0.50 0.93 0.50 0.81
X, in. -
0.08 0.50 0.94 0.75 1.64
: : . . ' ' . ' ' '
e | e e e e (u]e | e u e ] e |y
0.003]0.19]0.009| 0.005[0.50 [0.019| 0.003]0.10]0.004] 0.005|0.23 |0.029 | 0.003 [0.23 0.036
.008| .37| .032] .400| .32 | .034| .o13| .s3| .019| .013| .22| .054| .020( .19| .048
1.000| .25 .045 1.900{ .32 | .030| 1.200| .44| .049] .500| .43| .059| 1.100| .20 .050
1.940| .46| .037{82.000| .25 [ .100|22.000| .22| .128| 1.400| .29| .031|®1.954| .18 .103
82,045 .09| .042| 2.200| .012| .012 a1.990| .21| .076

aTh:'Ls location is in the middle of the free-shear layer and is the nominal location of the
maximum u'’ /Ur'



the free stream, 0.012, is about the same as that in the laminar boundary layer
ahead of the notch. In the free-shear layer of the L/H = 1/2 notch, a marked
increase in u’/Ur above the free-stream value exists quite close to the front
edge of the notch. Transition to turbulence must therefore occur within a
small region adjacent to the front edge. Further evidence supporting this con-
clusion appears in the mean velocity profiles, which are discussed in the sec-
tion FREE-SHEAR LAYER.

Turbulence measurements by other investigators in separated flow are re-
stricted to the region behind a backward-facing step. References 8 and 9 found
intensities in the middle of the free-shear layer of the same order of magni-
tude as those in table I, but the values of reference 10 are twice as great.

On the other hand, Hsu's values Jjust behind the step under the free-shear layer
are near the present values within the notch. There may be some regularity in
turbulence intensity in different separated flow configurations, but the evi-
dence 1s not conclusive. '

The shortest notch (L/H = 1/4) was not surveyed successfully; the surface
measurements changed markedly when a probe was inserted. As a result, the
guestion of whether the flow is laminar or turbulent in this notech could not he
answered by turbulence intensity measurements. ©Surface heat-transfer measure-~
ments reported in reference 11 indicate by their variation with velocity that
the flow in the L/H = 1/4 notch is indeed turbulent.

The results of these low-speed surveys do not, of course, establish the
nature of transition and turbulence at high speed. It is noteworthy, however,
that no indications of changes in transition to turbulence with speed are found
in the evidence provided by the surface coefficient Cp.

SURFACE PRESSURE IN THE NOTCHES

Surface-pressure coefficients Cp are compared in this section to the re-
sults of other investigations of notches that are geometrically similar (simi-
lar L/H). Other flow parameters, such as the boundary layer ahead of the
notch and the cross section of the free stream were not similar in the various
experiments, but the extent to which the following comparison is successful
indicates the relative unimportance of these other parameters.

For the seven n®tches in figure 4, Cp is displayed along the notch perim-
eter beginning with the front edge on the left. The front edge, the two bottom
corners, and the back edge are each marked by vertical lines. The increasing
length of the notches (0.505-in. increments) is shown by the increasing size of
the bottom between the sides, which are fixed in height (2.05 in.). To the
right of the line marking the back edge of the notch are shown Cp's that were
measured on the trailing surface of the model behind the back edge of the
notch.

In the shortest notch, the pressure ig changed so little from the free-
stream value that it suggests an analogy between this notch and a pressure tap.
In fact, the "error" in the bottom of this notch is in the same direction as



U, that measured by reference 12 in

ft/sec .
1 Front side pottom Back side n162 ?‘ large Pressure tap, that is,
.OE El&@ g & [ a Y in both instances the pressure
o= o 373 is above the true free-stream
gy M l l I | 7 l ! o576 pressure, which is sensed by a
(a) Length-height ratio: nominal, 1/4; actual, 0,25, small pressure tap.

A high Cp at the top of

the back side appears first in
the L/H = 1/2 notch. This
ft/sec high C, 1is associated with the

O Roshkow\

s impingement of some of the fluid
o 377 in the free-shear layer as it
B5T7 returns to the notch.

(b} Length-height ratio: nominal, 1/2; actual, 0.50;
Roshko, 0.50. Urs Exceptional pressures in

fiisec  the L/H = 1/2 notch were re-

Cp = {p - pllp,UZ2)

3
2 8 . Zg corded at the highest speed; the
1 o 376 C in the bottom rose about 0.1
. Roshko7 b
0 & n O 96 above the lower speed values as
— (& .
-1 S5 ITS‘ET“ |8 | did the C, at the top of the

back side. During the recording
of these pressures it was noted
U that the manometers declined

.4

3 ftisec during the same intervals that a

2 163 distinct sound emitted from the

B Roshko %g tunnel. This suggested that a
75( 580 standing sound wave was raising

0 .

f&miﬂ Ilm | the pressure in the bottom of
-1 the notch.

(d) Length-height ratio: nominal, 1; actual, 0.99; Roshko, 1,00,

(c) Length height ratio: nominal, 3/4; actual, 0.74; Roshko, 0. 67.

—E!DODV

Figure 4, - Surface-pressure coefficients displayed along notch perime- Sonic phenomena in rectan-
ter. gular notches (0.1 in. high)

were investigated by refer-
ence 13, but surface pressures were not measured. Schlieren photographs showed
sound waves emanating from the back edge of the notches, which was one of the
regions in the present experiment where a sonic effect on C was Observed.
Intense sound at discrete frequencies in notches up to 1/2 inch long (L/H =5
at Mach numbers greater than 2/5 was found also. The Mach aAumber of the
present experiment was 1/2 when the sonic phenomena was observed. It seems
likely that the interaction of sound and pressure is similar in the two experi-
ments; however, no other instances of sonic effects were observed in the pres-

ent experiment.
Regularity of Pressure Coefficient in Ranges of
Length-Height Ratio

The results of Roshko agree with the present values of Cp at most loca-



. L 1 3
tions on the T =30 10
deviation between the two results on the back side that is most evident in the

L 1
T= 1'4: notch.

1, and l% notches. There is, however, a systematic

A unique distribution of CP appears 1in the % = l% notch; it is differ-
ent from those in shorter and longer notches and also different from Roshko's
results. Roshko noted intermittencies in Cp 1n the range 1.15 < L/H < 2.00.

In the present experiment, no intermittencies appeared in this L/H range.

There seem to be two ranges of L/H in which the notch flow is princi-
pally governed by L/H Other parameters, such as the transverse extent of the
free stream and the boundary layer ahead of the notch, play a secondary role in

these flow regimes. Short notches (% = l% in the present experiment) engender

one flow regime, as 1s evident by the comparison between Roshko's results and

the present Cp in figure 4. Minor deviations between these results, such as
those on the back sides,

Uy, might be ascribed to the

ﬂ;c secondary parameters.
244
373 Lang notches form the

Roshko-
‘ 519 other proposed range in

22 2 P | )
o e T el d\e/ sl B which L/H determines the
Inch ] [ | = B | flow dynamics, as evidenced

by the favorable comparison

Front side Bottom Back side

oopvp

(e} Length-height ratio: nominal, 11; actual, 1.23; Roshko, 1.14

i ’ ; ’ . between Seban-Fox and pres-
r g ent results in the % = l%
o U notch. The behavior of Cp
S B 2} . 160 in this second range of
. Roshko— g s o5 L/H 4is only tentatively
= B 8 \ - B ° 314 established since there
= 0 ﬂ<=:==4%%ﬁ§~\\f¥§§;;413 ~ ] i were only tw§ locations of
e B é%g N B measurement in the Seban-
-2 1@ | ] | la Fox experiment. There is,

however, some additional
evidence that tends to sup-
port the present hypothe-

(f) Length~height ratio: nominal, 1%; actual, 1.48; Roshko, 1.33,

A Uy, sis. Some unpublished re-

B g . ﬂi“ sults from the present

2 §_ R ;g model show that a regular

L | -sevan-fox— Hlg o 31 variation of Cp with L/H
0*&-'7” TFTJ& . g A _ ] 7 % is found in notches with

a8 E!E §§& @ggg = N [é L 3

g = 2z 1—. In long notches,

-2 | I [ 18 H 4 .

Roshko and Charwat also

Figure 4. - Concluded. Surf fficients displ ! found regular variations of
igure 4. - Concluded. Surface-pressure coefficients displayed along noich .
perimeter, Cp with L/H.

(g) Length-height ratio: nominal, 12, actual, 1.72; Seban-Fox, 1.84,



Between these two ranges, the notch flow dynamics seem to be dominated by
the secondary parameters. Only in this manner can the widely varying results
in different experiments be rationalized. It also seems likely that the geo-
metrical extent of this intermediate (third) regime is affected by the second-
ary parameters; Roshko found oscillations in notches in the range
1.15 < L/H < 2.00, whereas, in the present experiment, unusual results were

found only in the % = l% notch.

Free-Stream Effects

In the % = % notch, the greatest deviation of the Cp distribution from

the trends established by shorter and longer notches occurs on the front and
back sides. These marked deviations can be used to deduce the special dynamics
of the free stream adjacent to this notch. The low CP on the front side in-

dicates that the streamlines of the free stream are concave as viewed from the
notch, that is, the free stream is curving sharply toward the notch bottom.
Conversely, the high Cp on the back side shows that the streamlines in the
free stream are convex to the notch or that the free stream is curving out of
the notch before the back side. Behind the back edge, the low CP indicates

that a local separation bubble exists there, which causes the concave stream-
lines in the free stream to curve toward the surface before reattachment.

The relations between large curvature in streamlines and the pressure co-
efficients that were used in the foregoing discussion are the same as those
found in potential theory. To rely entirely on theory to substantiate the
foregoing deduction of the free-stream dynamics from the Cp on the surface of

the % = 1% notch is not necessary, however. Roos and Charwat (ref. 14) showed
experimentally a similar curvature of the free stream in a rectangular notch in
the wall of a convergent nozzle. The associated Cp’s in the notch were low

1

in the front end and remarkably high in the back end, just as the Cp s in the

L 1
present T = l§ notch.

Adjacent to the back edge of the % = 12 notch there is also a similar

curvature of the streamlines in the free stream. In this notch, the curvature
can be verified indirectly by evidence from the present experiment. A compari-
son of Cp in the square notch, which is in the first range, with Cp in the

% = l% notch, which is in the second range, is worth noting. On the back side,

the Cp distribution has the same general undulation in both notches, but the

pressure level is substantially higher in the % = l% notch. This implies that
the free-shear layer (on the border of the free stream) dips farther into the

% = 1% notch and curves outward before the back edge, as do the streamlines in
the adjacent free stream. A separation bubble behind the back edge is evi-
L

denced by the low CP at that location in the T = 1% notch but not in the

10



L/H = 1 notch. This behavior of the free-shear layer is verified in the sec-

tion FREE-SHEAR LAYER by velocity surveys.

There is, therefore, an increased curvature in the streamlines of the free

stream before and after the back edge of the

- 12 notch. An S-shape in the

streamlines near the back edge can be visualized, with curvature in one direc-
tion (out of the notch’or convex as viewed from the surface) before the edge
and in the other direction (toward the trailing surface or concave as viewed
from the surface) after the edge. In the section FLOW PAST THE NOSE, the
streamlines near the stagnation point on the nose of this model are described
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(a) Length-height ratio, 1/2,

Figure 5. - Mean speed traverses in notches. Data marked m are taken
as maximum velocity ratios near bottom of notch.

as curving in the same direc-
tion as those before the back
edge; that is, both are convex
as viewed from the surface. At
the former location, the ef-
fects of compressibility were
evident as an increased value
of (an already high) Cp at

high speeds. Since the same
curvature of streamlines is
present at the two locations,
there can be little doubt that
the increased Cp at high
speeds on the back side of the
L_
T =
effect as before, namely, com-
pressibility in the free-stream
flow. After the back edge, the
decreased value of the low C
at high speed is undoubtedly
also dve to compressibility.

In effect, this evidence of
local compressibility in the
free stream supports the fore-
going description of the curva-
ture in the streamlines.

l% notch is due to the same

MEAN SPEED TRAVERSES

The hot-wire anemometer
probe that was used did not
give results that were com-
pletely independent of the di-
rection of the velocity vector.

If the stem of the hot-

wire probe were absent, the
orientation of the wire normal

11
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Figure 5, - Continued, Mean speed traverses in notches, Data
marked m are taken as maximum velocity ratios near bottom

of notch,

allel to the bottom surface.

to the profile plane of the

model would have caused the

wire

to sense the true magnitude of

the (two-dimensional)
velocity vector. The
the stem error in the
difficult to specify,
does seem likely that
ration in the results
ure 5(a) (at X/L = O.

mean-
extent of
results is
but it

the aber-
in fig-
93,

Y/I, = 0.92) was caused by the

stem. No other erratic trends

are evident in the results from
L 1 3

the T =3 1, and 17 notches

(fig. 5), and it is believed
that these results give a sub-
stantially true representation
of the mean speed in these
notches.

The calibration of the
probe was verified at the end of
each traverse by a comparison
of U, with U,; a maximum dif-
ference of 4 percent was ac-
cepted. The fact that this
means of verification was feasi-
ble attests to the small varia-
tion of Ue above the notches.

SHEAR ON NOTCH BOTTCM

Velocities along the bottom
L

of the T
were high enough to attempt the
deduction of the surface shear
Tfrom their velocity profiles.
The hot-wire anemometer and the
impact- and static-pressure
tubes were used near the bottom
where both the velocity vector
and the pressure tubes were par-

= 1 and l% notches

In addition to verifying the hot-wire results,

the pressure-tube results determined the direction of the moderate-speed flow

(U/Ue > 0.15) along the bottom to be from back to front.

Hot-wire results in-

clude a correction for the heat loss to the surface by the method of refer-

ence 10.
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{c) Length-height ratio, 1%.

Figure 5. - Concluded. Mean speed traverses in notches.

taken as maximum velocity ratios near bottom of notch.

Data marked m are

U 4 For the deduction of surface
m <o v XLy,
0 .2 o qgi shear 7,, the velocity proflles
é L1 g Q% gg were compared with the Karman
0 .2 .4 .6 .8 L0 o 40 156 profile from boundary layers, as
X o) .61 155 shown in figure 6. The Karman
(ST R T B I v.ooo.8 1% buffer layer profile (U* = -3.05
0 1.ox iﬁo 3.0 +5 log Y¥, 5 s Y*¥ = 30) agrees
L0 — T 0 XL U with the measurements located be-
5l E‘:I‘ r yond the first data point (which
ol = is forced to match the Kérmdn
ne = 0.07 14 profile) in some instances, nota-
g o bly at X/L = 0.32 in the square
2 0O Eﬂ (] Ell m] ] R
: jl? [y, notech. The Blasius profile was
{ ! 1
. S plotted in U¥ - Y* coordinates
8 | g’ after constructing a frictilon co-
61— o .25 156 efficient (7t /p)l/?/U where
A m oooo (T4 /p)l/2 is the deduced fric-
-2 So¢ ¢ ? g o £ion velocity (from the plot) and
18-— U is the measured maximum ve-
N S locity near the surface. Neither
-8 3’ profile compares as well with the
o, A S 40 156 measured velocities in the
.4
2fo, 0o o ©° % = 1:2 notch as with those in the
o' ! PEo square notch. This difference 1in
10— ° character of the measured veloc-
8 o) ity profiles may be taken as
6 o] .67 155 another indication of the differ-
~~m . . .
.4 B o ence in flow regimes in the two
.2—0¢g o o® notches. Shear results by Roshko
ol 2690999 | 1, and Seban and Fox compare reason-
L0 — - ably well with the present re-
g |- v sults, as shown in figure 6.
v
61— v .82 156
~m
A3 v
9 [YV v FREE-SHEAR LAYER
. \v/ \va% .
P dw VO
0 .2 4 .6 .8 L0 In figure 7, the lines or
[ | |WH ] | contours of constant velocity
0 .5 L0 L5 2.0 drawn from the traverse results
Y, in.

(figs. 5(b) and (c)) show the
behavior of the free-shear layer
that was deduced from Cp dis-
tributions in the section Free-
Stream Effects, namely, the free-

shear layer enters farther into the % = l5 notch than into the square notch

4
and turns outward before the back edge.

The straight-line contours that are drawn between the first two traverse
locations form a virtual origin for the free-shear layer by their intersection

13
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Figure 6. - Shear on notch hottom. Solid curve is Kdrmdn bound-
ary layer profile. Dashed curve is Blasius laminar boundary
layer profile plotted with shear listed and U, as free-stream ve-

locity.

near the front edge of the notches.

- This straight-line spreading is a

well-known characteristic of turbu-
lent free-shear layers (ref. 5). As
such, it implies that the transition
to turbulence in the present free-
shear layer occurs quite near the
front edge because of the location
of the virtual origin (fig. 7).

A similarity between the first
two velocity traverses on a Y/X
scale is also implied by this inter-
section of the straight contours.
These straight contours can provide
a test for similarity in the back ve-
locity traverses if they are extended
to the back traverse locations, as
shown in figure 7 by dashed lines.
In the present view, the back veloc-
ity traverses are similar to the
front traverses if the measured con-
tours at the back traverse locations
can be shifted along the line of tra-
verse (X = constant) to coincide with
the respective dashed lines. For-
mally, this is similarity on a
[Y - Y3(X)]/X Dasis. This similar-
i1ty can be tested by a comparison of
the spacing between the measured con-
tours with the spacing between the
respective dashed lines. In the
L _
E =
tained across the notch, but it is
not maintained in the square notch.
The initial spread of the contours
in the square notch is greater than
the spread near the back traverse
locations. This difference. between

3
=1 and lZ

l% notch, similarity is main-

the contours in the %

notches is interpreted as another in-
dication of the different flow re-
gimes in the two notches.

TOTAL-PRESSURE COEFFICTIENT

Along the notch surfaces, the pressure-velocity effects, as distinguished
from viscous effects, are measured by the total-pressure coefficient:

14
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2.0

1.8
1.6

U \2 U \2

m m
C =C, +|=] =0, +|=—
p,t je U, P U,

where U, 1is the local maximum velocity near the surface. That Cp,t 1s the

parameter in Bernoulli's equation, which remains constant along a streamline in
inviscid incompressible flow, should be noted. In viscous low-speed flow, Cp £
2

can vary along a streamline as a result of the viscous actions of momentum dif-
fusion (shear) and turbulent dissipation of mechanical energy; in fact, its
variation can be used as a measure of viscous activity.

In the present calculation of Cp £ the streamlines are not explicitly
established. Rather, the locations of Uy, as shown in figures 5(b) and (e),

are assumed to be approximately on a streamllne because of their closeness to
another streamline, the surface. The pressure at the location of U is as-
sumed to be the same as the

H adjacent surface pressure.
Y 105~ The substitution of Uy/Ug
21— v _ N Uilg for Uy/U,, which is neces-
Lok = E.V"WQ; sitated by the method of
) A4 ™ o . data reduction, probably
introduces uncertainties of
the same order of magnitude
(say 4 percent) as those in-
cluded in the foregoing as-
sumptions. Although Cp,t’
as calculated herein, is not
L7l ' I ' f L | L | a precise quantity, it is

: useful as an indicator of
! I I J viscous activity.

2.0

L9+

o
=]
|

1.8

The values of Cp +
that are calculated from C
(fig. 4) and U /U (figs.
5(b) and (c)) are dlsplayed
along the perimeters of
the L. 1 and 12 notches

i
E§ in figure 8. Both the
0

square-notch results of
Roshko and the present
3.5 results show a gradual de-

cline in the direction of
(b} Length-height ratio, 12, flow, from the back side

4 to the frout side, which

indicates a low level of
viscous activity.

Figure 7. - Velocity ratio contours in free-shear iayer. Dashed lines
are extensions of straight contours through virtual origin.

L 3
In the T = lZ notch,

a steeper gradient of

15



) Cp,t accompanies a much
'2__mesme Bottom Back side larger Cp + at the back
side. Theée features sug-
1k o e gest that a greater amount
& of energy is extracted
Qo [~ from the free stream and
0 c e +fUnY dissipated by the flow in
LA <‘) this notch than by the
-1 l ! - Roshko Gy ¢ flow in the square notch.
(a) Length-helght ratio, 1. u The idea of different flow
o © © Present Cp¢ regimes in the two notches
o ——  Present Cp is supported by the dis-
similarity of the two dis-
tributions of C in
. p,t
figure 8.

0 O
Inch ] |
-1 | : FLOW IN SQUARE NOTCH

Notch perimeter
(mmehﬂeQMrmm,&. Roshko's interpreta-
tion of square-notch flow
as being dominated by a
large rotating eddy was based on velocity profiles of small extent from the
surfaces, which were measured at the midpoints of the three sides of a square
notch. The present profile in the center of the square notch, which is shown
in figure 5(b), agrees with Roshko's profile in the region of common Y/H, near
the bottom. In the present result, the linear trend of U/Ué found by Roshko
is shown to extend to a very low value at the midheight; it is complemented by
a linear increase in U/Ué that ex-
tends to the edge of the free-shear
layer.

00

e

o

Figure 8, - Total-pressure coefficient along notch perimeter,

Ur
—

Mean speed contours, which are
shown in figure 9, were constructed to
examine Roshko's interpretation of
square-notch flow. The small size of
the region that 1s bounded by the cir-
cular low-speed contours around the
notch center, as well as the near-zero
speed at the center, suggests that the
central fluid does indeed rotate. The
cilrcular high-speed contour near the
bottom at midlength does not suggest a
separate rotation of fluid; rather, the
flow along the bottom from back to
front is shown to accelerate to a peak
speed at midlength and then slow near
the front side.

It is interesting that evidence of

Figure 9. - Velocity ratio contours within square notch. Lines of
constant velocity ratio drawn through circled measurements. a rotating eddy, such as velocities be-
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ing the same on radii from some center, is found only on the central traverse.
The pressure-tube measurements previously mentioned suggest that the flow con-
tinues along the bottom from back to front wherever Um/Ué is greater than
0.15, that is, everywhere except very close to the corners. Fluid particles
in the flow along the bottom, therefore, do not follow a nearly circular path
in a rotation about the notch center, as a solid body; instead, the motion in
the main vortex along the bottom (and probably along the sides) is parallel to
the surface over much of its length, which impiies that the main vortex motion
is more nearly square than circular along its boundaries.

DUST DEPOSITS IN NOTCH WITH LENGTH-HEIGHT RATIO OF l%
. . . . L 3
The running time during traverses in the T = lZ notch was long enough to

clearly mark three distinct areas with dust. At the top of the back side, a
heavy deposit resulted from the impingement of that portion of the free-shear
layer that returned to the notch. A moderate deposit in the back corner, which
extended 0.3 inch on the bottom and 0.4 inch on the back side, revealed the
rresence of a vortex by the abrupt thinning of the dust deposit at the edges.
Lastly, a vortex was indicated in the front corner by light deposits on the
front side and the bottom, which extended 0.5 inch from the corner.

The three distinct outlines were substantially two-dimensional on the cen-
tral two-thirds width of the model, away from the side walls of the tunnel.
Two-dimensional flow was indicated thereby, at least in the regions where the
main notch flow had undergone the sharp turns that raised the surface pressure
as well as produced dust deposits. The corner vortices can be considered re-
glons of low-speed flow that bridge the gap between the separation and re-
attachment of the main notch flow as it rounds the turn in the corners.

CONCLUDING REMARKS

The flow studies in the % = 1 and l% notches generally support the con-
cept of different flow regimes in notches in the ranges % < l% and % = 1%.

Between these ranges, Cp is not uniquely specified by L/H alone.

Roshko's evidence of a large vortex in the square notch is reproduced and
extended. The new evidence implies that the large vortex motion is nearly
square along its boundaries, the notch surfaces. ’

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Chioc, July 14, 1964
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